Understanding and identifying the genetic mechanisms responsible for sex-determination are important for species management, particularly in exploited fishes where sex biased harvest could have implications on population dynamics and long-term persistence. The Pacific halibut (Hippoglossus stenolepis) supports important fisheries in the North Pacific Ocean. The proportion of each sex in the annual harvest is currently estimated using growth curves, but genetic techniques may provide a more accurate method. We used restriction-site associated DNA (RAD) sequencing to identify RAD-tags that were linked to genetic sex, based on differentiation (F ST ) between the sexes. Identified RAD-tags were aligned to the Atlantic halibut (Hippoglossus hippoglossus) linkage map, the turbot (Scophthalmus maximus) genome, and the half-smooth tongue sole (Cynoglossus semilaevis) genome to identify genomic regions that may be involved in sex determination. In total, 56 RAD-tags (70 single nucleotide polymorphisms) were linked to sex, and 3 RAD-tags were identified in only females. Sex-linked loci aligned to 3 linkage groups in the Atlantic halibut (LG07: 7 loci, LG15: 1 locus, and LG24: 1 locus), 3 chromosomes in the turbot (LG12: 13 loci, LG01: 1 locus, and LG05: 1 locus), and 1 chromosome in the half-smooth tongue sole (ChrZ: 9 loci). Results add support to the hypothesis that Pacific halibut genetic sex is determined in a ZW system. Two sexlinked loci were further developed into sex identification assays, and their efficacy was tested on individuals that had been morphologically sexed. The accuracy of each assay on its own was 97.5% compared to morphological sex.
size ranges (Bjornsson 1995; Gray et al. 2014) and must be updated regularly as growth patterns can change over time and vary spatially (Clark et al. 1999) . In species with environmental sex determination, such problems are difficult to address; but, if sex is determined genetically, genetic tools can be used to identify sex ratios at life history stages. Sex-determining systems in fishes vary even between relatively closely related species (Devlin and Nagahama 2002) and must be determined on a species-specific basis before genetic approaches can be used to identify sex for stock assessment studies.
Many flatfishes (order Pleuronectiformes) show genetic sex determination, with additional environmental influences such as temperature (Luckenbach et al. 2009 ). Both XY and ZW systems are known for flatfishes (Luckenbach et al. 2009 ), although no morphologically identifiable sex chromosomes seem to exist. Instead, sex determination in fishes appears to be evolutionarily unstable (Heule et al. 2014; Martínez et al. 2014) . Fishes in general may have several sex-determining regions (Lee et al. 2004) , and the sex-determining system may be altered by a change in the dominance of loci in the sex-determining process (e.g., tilapia [Oreochromis aureus]; Lee et al. 2004; Cnaani et al. 2008 ). Identification of sex-determining genomic regions is difficult without whole genome sequences-fortunately, several reference sequences and linkage maps are available for flatfishes (Palaiokostas et al. 2013; Chen et al. 2014; Figueras et al. 2016) . As such, the use of modern genomic resources can help with the identification of sex-determination mechanisms, sex-biased exploitation, fisheries-induced evolution, and sex-specific distribution of different life history stages.
A commercially important flatfish species is the Pacific halibut (Hippoglossus stenolepis). Pacific halibut are large, benthic flatfish that persist on the continental shelf of the North Pacific Ocean. Pacific halibut have sexually dimorphic growth in which female Pacific halibut are typically larger at-age than males. Combined with setline selectivity that tends to subject Pacific halibut to increased vulnerability to harvest with increasing size and a minimum commercial size limit that has remained constant since 1973, the result is an expectation that the sex composition of commercial catches has become increasingly female-biased over the last 2-3 decades. Given an assessment framework that predicts that both selectivity and natural mortality may differ between sexes (Martell et al. 2013) , it is important to correctly estimate population sex ratios to conduct long-term policy analyses. For example, recent sensitivity analyses have indicated that uncertainty regarding sex ratios within commercial harvests can strongly influence our understanding of female spawning stock biomass (SSBf), with 10% variance in estimated sex ratio translating into roughly 50 million pounds of estimated SSBf. Such uncertainty may be exacerbated if age-specific sex compositions vary in space and time as recent analyses suggest (Loher et al. 2016) .
Unfortunately, there is presently no reliable way to determine the sex of commercially harvested halibut at landing because they are eviscerated at sea. Efforts are under way to initiate a regular at-sea sex-marking program for the directed Pacific halibut fleet, in which retained catch would be marked by commercial fishers as either male or female during the dressing process. Such a program would be conceptually similar to Atlantic lobster (Homarus americanus) fisheries in which fishers "V-notch" gravid females prior to releasing them (Acheson and Gardner 2011) and add considerably to the International Pacific Halibut Commission's (IPHC) assessment and policy analysis. However, because such marks would not represent direct observations of sex, portside sampling would need to be accompanied by an empirical method to validate sex ratios as well as to monitor sex ratios within components of harvest for which at-sea marking might not occur.
The aim of this study was to use genotype-by-sequencing techniques to identify the genomic mechanism determining sex and develop assays for the discrimination of sex in Pacific halibut. We achieved this aim by genotyping Pacific halibut from across the eastern portion of their range at thousands of loci. Loci linked to sex were discerned by comparing genotypes between males and females, and the sex-determining system was investigated using comparative genomics with 3 closely related species, Atlantic halibut (Hippoglossus hippoglossus), turbot (Scophthalmus maximus), and half-smooth tongue sole (Cynoglossus semilaevis).
Methods
Ninety-five individuals, 55 morphological females and 40 morphological males, were sampled from 5 locations across the eastern range of Pacific halibut (Table 1 ). Individuals were collected using benthic longline gear as part of IPHC surveys. Sex of each individual was morphologically determined using macroscopic gonadal examination. Fin tissue samples were taken from each individual and placed in 100% ethanol.
DNA from each fin tissue sample was extracted using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's recommendations. Samples were then prepared for restriction-site associated DNA sequencing (RADseq) using standard laboratory procedures (Baird et al. 2008) . Briefly, RADseq is a reduced representation library technique that sequences individuals at thousands of loci, spread throughout the genome, and is ideal for identifying genomic regions linked to phenotypic differences, particularly in nonmodel species, as no prior knowledge of the genome is required. In this study, the Sbf-I restriction enzyme was used to create the RAD library. First, DNA was digested and unique 6-base barcodes were annealed to each sample. Sample DNA concentrations were equalized and samples were combined into a single sequencing library. Paired-end (150 bp) sequencing of the library was performed on the Illumina (San Diego, California, USA) HiSeq 4000 at the Bejing Genome Institute (Shenzhen, China).
Using the resulting sequence data, a baseline set of putative loci and consensus sequences were identified using the STACKS v1.35 pipeline (Catchen et al. 2011; Catchen et al. 2013 ) and the sequence aligners BOWTIE2 v2.1.0 (Langmead and Salzberg 2012) and BLAST v2.2.30 (Altschul et al. 1990 ). First, raw sequence reads were quality filtered and trimmed to 110 basepairs using process_radtags within STACKS. Trimming was performed based on a decline in quality scores observed at the end of reads (Andrews 2010) . Next, loci present within individuals were identified (ustacks: -m 2, -M 3, -H, -r, -d, and --bound_high 0.03), and a catalog was created using the most deeply sequenced female and male from each sampling location (cstacks: -n 3). Loci identified in individuals were then compared to the catalog (sstacks) and genotypes were produced (populations: -m 5, -r 0.25, and -p 3 [of 5]). A locus was retained if at least 25% of individuals had a sequencing depth of 5 or more reads in at least 3 sampling locations. From each retained locus, a consensus sequence was identified to create a temporary database of putative loci. Next, loci in the temporary database were quality filtered to remove loci with repeat regions in the genome or those containing repetitive elements using the same alignment based on the methodologies of Brieuc et al. (2014) with BOWTIE2 (-end-to-end and --gbar 110) and BLAST (default parameters). Loci that aligned exclusively to themselves using both aligners were retained as a final baseline of putative loci present in Pacific halibut.
Genotypes were estimated for each individual at each locus in the final baseline of putative loci by first removing PCR duplicates from the raw reads using clone_filter within STACKS. Non-duplicated reads were then aligned to the putative set of loci using BOWTIE2 (-k 2 -gbar 110). Loci were identified within individuals using pstacks (-m 2 -p --bound_high 0.03). A catalog was then created using the most deeply sequenced female and male from each stock (cstacks: -g), and all individuals were compared to the catalog to identify loci present in each individual (sstacks and populations: -m 8 and -r 0.5). A SNP was retained for further analyses if at least 50% of individuals within each sample had a read depth of 8 or more sequences, and a minor allele frequency > 0.1. A threshold of 50% was used as previous research has shown that sample sizes greater than 12 rarely improve the accuracy of allele frequency estimates (Schunter et al. 2014 ). These genotypes were used to identify loci linked to sex.
Loci linked to sex were identified using genetic differentiation between sexes, which was determined morphologically at sampling. Genetic differentiation at each locus, measured by F ST , was estimated between the sexes using Genepop v4.2.1 (Raymond and Rousset 1995; Rousset 2008) . Loci that were significantly differentiated and had an F ST value ≥ 0.30 between the groups were deemed to be linked to sex. This threshold value of F ST was used to help reduce the identification of false positives.
We further attempted to identify markers that existed in only one sex by re-running populations with different parameters (-m 4 and -r 0). Genotypes with a sequencing depth of at least 4 were retained. A custom Python script was then used to identify loci that were genotyped in at least 10 individuals in one sex, but none of the other sex. Such loci were determined to exist in only one sex.
The identification of genomic regions associated with sex was conducted using a comparative genomics approach. The baseline loci identified in this study were aligned to the linkage map or genome of 3 sister taxa: the Atlantic halibut (Palaiokostas et al. 2013) , turbot (Figueras et al. 2016) , and half-smooth tongue sole . The alignment location of loci linked to sex was used to identify chromosomes and genomic regions likely involved in genetic sex determination in Pacific halibut. Alignments were made with BOWTIE2 using a local alignment (--local) and default settings. If a locus aligned to 2 or more genomic locations, neither alignment was retained.
Lastly, high-throughput TaqMan® assays (Thermo Fisher Scientific, Waltham, Massachusetts, USA) were developed for 2 loci linked to sex. Loci used for the development of assays were selected based on SNP position (the middle of the sequence was preferred), number of SNPs in the locus (fewer was preferred), and differentiation among males and females (greater differentiation was preferred). To develop assays, forward and reverse reads for each sequence that aligned to the locus were merged using PEAR v0.9.6 . A custom Python script was created to calculate the proportional representation of each nucleotide at each base position for each locus. Nucleotides that existed in greater than 95% of sequences at a position were deemed consensus. The consensus sequences were then used to create custom assays (Supplemental Material). Sex identification using the assays was performed on a different set of 199 samples collected at IPHC survey stations in the Bering Sea using identical collection protocols as were used for samples used for assay development.
Results
Sequencing resulted in 163 212 521 sequence reads, with an average of 1 542 009 reads per individual (standard deviation = 733 763 reads; minimum = 157 282; maximum = 2 059 192). From these reads, a baseline set of 40 308 putative loci was identified (both monomorphic and polymorphic; Supplemental Material).
Individuals were genotyped by aligning sequence reads to the baseline set of loci. Loci were retained if at least 50% of individuals from all sampling locations were genotyped. In total, 24,911 SNPs (median read depth of genotyped individuals = 15; 25% and 75% quantiles = 11 and 22) were retained, with an average of 35.8 (66%) females and 26.3 (64%) males genotyped per locus. The average F ST between the sexes over all loci was low, (F ST = 0.0015, SD = 0.0262). In total, 70 SNPs (56 RAD-tags; median read depth of genotyped individuals = 15; 25% and 75% quantiles = 11 and 21) were identified as being linked to sex based on F ST . At loci linked to sex, 91% (SD = 10%) of females were heterozygous, whereas males were heterozygous at only 3% (SD = 7%) of genotypes (Supplementary Table  S1 ). In addition, 3 RAD-tags were identified exclusively in females, while no loci were identified uniquely to males (median read depth of genotyped individuals = 9; 25% and 75% quantiles = 6 and 14).
Comparative genomic analyses showed a high degree of genomic similarity between the Pacific halibut and all 3 comparison species. In total, 4460 loci aligned uniquely to the Atlantic halibut genetic map (~78% of loci in the Atlantic halibut linkage map). Loci aligned to all linkage groups (Supplemental Material). Nine loci linked to sex in the Pacific halibut aligned uniquely to the Atlantic halibut map (Figure 1 ; Supplementary Table S2 ). Seven of these loci aligned to LG07 (linkage group 7), whereas one each aligned to LG15 and LG24 (Figure 1) . Alignment of the Pacific halibut baseline loci to the turbot genome found 11 720 loci that aligned uniquely. RAD-tags aligned to all turbot linkage groups (Supplemental Material), and 15 loci linked to sex in Pacific halibut aligned uniquely to the turbot genome (Figure 2, Supplementary Table S2 ). Thirteen sex-linked RAD-tags aligned to LG12, while one locus each aligned to LG01 and LG05. The thirteen loci that aligned to LG12 were isolated to 3 scaffolds (sm5_00017, sm5_s00018, and sm5_00086).
Alignment of the Pacific halibut baseline loci to the half-smooth tongue sole genome identified 4757 loci that aligned uniquely (Supplemental Material). Aligned loci were spread across all chromosomes (Supplemental Material). In total, 9 loci linked to sex aligned uniquely to the half-smooth tongue sole genome, and all aligned to the Z chromosome (Figure 3, Supplementary Table S2 ).
Two loci (Hs23885 and Hs10183) were developed into TaqMan® assays, and their efficacy was tested on 199 individuals that were morphologically sexed previously. Locus Hs23885 aligned to linkage group LG07 in the Atlantic halibut, but did not align to the turbot or half-smooth tongue sole genomes. Locus Hs10183 did not align to any of the three references. In the data set used to identify sex-linked loci, all genotyped females (N = 29) were heterozygous and males (N = 22) were homozygous at Hs10183 (Supplementary  Table S1 ). At Hs23885, 98% of genotyped females (N = 44 of 45) were heterozygous and all males (N = 32) were homozygous (Supplementary Table S1 ).
Each genetic assay was in agreement with the morphological identification of 194 (97.5%) samples, and both genetic assays as well as the morphological identification were in agreement for 192 (96.5%) samples (Supplemental Material). In 5 individuals (3.5%), the genetic assays were in agreement with each other, but differed from the morphological assessment. Of the 5 individuals for which the genetic and morphological tests disagreed, 4 were genetically assigned as females, but morphologically determined to be males. The converse was true in the fifth sample. Lastly, 2 individuals (1%) were genetically assigned as a female at 1 locus and a male at the other. Morphologically, one of these individuals was identified as a male and the other a female.
Discussion
The present study was the first to investigate sex determination of Pacific halibut using next-generation sequencing techniques. We found that females were generally heterozygous (91%) and males homozygous (97%) at loci linked to sex. In addition, sex-specific loci were identified in only females, and sex-linked loci aligned largely to a single chromosome or linkage group in the Atlantic halibut, turbot, and half-smooth tongue sole. Taken together, these results provide support to the hypothesis that Pacific halibut sex is largely determined in a ZW system (Galindo et al. 2011) and is controlled by loci on a single chromosome.
Comparisons of Pacific halibut with other flatfish genomes showed high similarity among species. Thousands of loci identified in Pacific halibut were uniquely identified in the turbot, half-smooth tongue sole, and Atlantic halibut, confirming the previous finding that Pleuronectiformes are genetically very similar . Interestingly, markers in common between species were identified throughout the genome (Supplemental Material), which suggests a high degree of sequence similarity between species, and may be related to the relatively recent diversification of Pleuronectiformes (61.3-77 Ma; Campbell et al. 2013; Harrington et al. 2016) . The high degree of genomic similarity is particularly interesting given that both XY (Mankiewicz et al. 2013; Palaiokostas et al. 2013) and ZW (Galindo et al. 2011; Chen et al. 2014; Figueras et al. 2016 ) sex-determining systems persist in the clade, and each genetic sex-determining system does not form unique monophyletic groups (Luckenbach et al. 2009 ). For example, the Pacific and Atlantic halibut species, both members of the genus Hippoglossus, have ZW and XY sex-determining systems, respectively (Luckenbach et al. 2009 ). This diversity suggests that independent, rapid development of sex determination has likely occurred multiple times in the clade. Identification of the gene, or genes, responsible for sex determination was beyond the scope of this study. However, it is of note that sex-linked markers in the Pacific halibut aligned to the Z chromosome in the half-smooth tongue sole, a ZW sex-determined species. The half-smooth tongue sole is likely sex-determined by the dmrt1 gene . Given that Pacific halibut sex-linked loci aligned to a sex-determining chromosome in half-smooth tongue sole, similar genetic mechanisms may be involved in sex determination in both species, but further genomic studies are necessary to elucidate the specific mechanism. Interestingly, alignments between the Pacific halibut and turbot identified LG12 as a major sex-determining linkage group, and previous research has shown LG12 to be homologous to the Z chromosome in the half-smooth tongue sole (Figueras et al. 2016 ). However, the major sex-determining region in turbot is LG05 (Martínez et al. 2009; Figueras et al. 2016) , which supports the idea that multiple ZW sex-determining systems may exist in flatfish . Likewise, a different gene, or genes, is likely responsible for sex determination in XY flatfish, as loci linked to sex in the present study were observed on a different linkage group from the sex-determining linkage group in Atlantic halibut (LG07 vs. LG13). In addition, alignments to the Atlantic halibut linkage map and turbot genome each identified 3 linkage groups containing Pacific halibut sex-linked loci. The identification of 3 linkage groups could mean that multiple genomic regions are involved in genetic sex determination. In the blue tilapia (Oreochromis aureus), markers on 2 linkage groups work epistatically to determine sex (Lee et al. 2004) . No obvious interactions were observed in this study, as females were largely heterozygous and males largely homozygous at all sex-linked loci. Interestingly, the sex-linked marker that aligned to LG24 in the Atlantic halibut aligned to the Z chromosome in the half-smooth tongue sole, and may be the result of small chromosome translocations that have previously been observed in other flatfishes (Figueras et al. 2016; Robledo et al. 2017) . Unfortunately, no linkage map or genome currently exists for Pacific halibut, thus a direct comparison of marker order between species is not currently feasible.
The efficacy of genetic assays developed in this study are comparable to assays in other fish (Palaiokostas et al. 2013; Larson et al. 2016; Utsunomia et al. 2017) and are an improvement, both in terms of analysis time, repeatability, and costs (~$0.60-0.70 US per reaction), over current genetic tests in Pacific halibut (Galindo et al. 2011) . However, differences between the morphological and genetic sex assignments were observed. We offer 2 hypotheses, beyond inaccurate data collection, to explain such differences. First, alleles may not be fixed between the sexes due either to low levels of recombination or to the recent evolution of sex chromosomes in Pacific halibut. Low levels of recombination may occur in chromosomal regions that are distal to the sex-determining gene in the early stages of sex chromosome evolution (Ellegren and Carmichael 2001) . Second, environmental conditions may affect sex determination and could contribute to the disagreement between morphological and genetic sex assignment. Sex determination is a highly complex process and has been observed to be affected by environmental conditions, particularly water temperature, in other flatfishes (Luckenbach et al. 2009; Montalvo et al. 2012; Mankiewicz et al. 2013) .
Sex change due to environmental conditions may also have important implications for Pacific halibut management moving forward. Pacific halibut growth is sexually dimorphic, with females growing considerably larger than males (Stewart and Monnahan 2016) . If environmentally influenced sex determination is biased for genetic females becoming phenotypic males when raised at warmer temperatures, as has been observed in other flatfish (Luckenbach et al. 2009; Shao et al. 2014 ), a decline in female spawning biomass could occur as ocean temperatures increase. For northeastern Pacific halibut, the average individual weight of harvested fish is estimated to have varied more than 2-fold over the last 80 years; increasing from approximately 20 pounds to over 40 pounds between the 1940s and the mid-1970s, then steadily declining to ~20 pounds by 2011 (Stewart and Martell 2015) . It is unlikely that such changes would be driven exclusively by sex change, but research is needed to understand the extent and timing of sex change in Pacific halibut, and to help predict if sex change will be an issue moving forward.
In conclusion, this study is the first to identify sex-determining regions in Pacific halibut and provides support to the hypothesis that genetic sex is determined in a ZW system. In addition, this work can be used as a model for the use of genomic resources developed in closely related taxa as a tool for the study of nonmodel species. Here, we used genomic resources from the Atlantic halibut, turbot, and half-smooth tongue sole to identify genomic regions associated with sex. In addition, the development of genetic assays for sex determination is an important step forward for the management of Pacific halibut. Pacific halibut is an important commercial fishery and accurate identification of the proportion of each sex in harvest is key for management.
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